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Introduction Ozone (O 3 ) is a highly unstable atmospheric gas that rapidly decomposes to normal oxygen (O 2 ). Although not being a radical molecule, O 3 is a very strong oxidant and, due to this highly toxic property, it has been widely used as a disinfectant agent, also for medical purposes (Travagli et al., 2010; Davies et al., 2011; Gupta et al., 2012) . In addition to its germicidal application, O 3 administration as O 2 -O 3 gas mixture has proven to exert therapeutic effects in numerous diseases, including arthritis, heart and vascular diseases, asthma, emphysema, and multiple sclerosis (reviews in Re et al., 2008; Elvis and Ekta, 2011; Bocci 2012) . In the last two decades, the use of O 3 as a complementary medical approach has progressively been increasing all over the world; low O 3 concentrations are generally used in the medical practice but the application of O 3 therapy is still limited due to the numerous doubts about its possible toxicity. Knowledge of the cellular response to O 3 administration is therefore crucial for its appropriate and safe clinical application.
It has been hypothesized that exposure to mild O 3 concentrations may stimulate the cellular antioxidant defenses without inducing cell damage (Sagai and Bocci, 2011) .
Unfortunately, scientific data demonstrating activation of cytoprotective pathways are still scarce and inconclusive (Re et al., 2014; Güçlü et al., 2016) .
To elucidate this point, we investigated the effects of low O 3 concentrations currently used in clinical practice on the nuclear activity of cultured cells of neuronal origin. There is, in fact, a growing interest for therapeutic applications of O 3 to the nervous system based on experimental evidence that mild ozonisation induces metabolic stimulation and even regenerative effects in neurons (Molinari et al., 2014; Ozbay et al., 2016; Salem et al., 2016; Tural Emon et al., 2016) . The use of an in vitro model ensured controlled experimental conditions, allowing analysis of the direct effects of mild ozonisation on nuclear function without the intermediation of blood/tissue factors as occurs in vivo.
Moreover, the choice of a stabilised neuroblastoma cell line, characterised by negligible
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intersample variability compared to primary cell cultures, guaranteed the consistency of our experimental model with highly sensitive techniques such as genomic and ultrastructural analysis. The combination of molecular assays (microarray gene expression and Real Time qPCR) and microscopy techniques (transmission electron microscopy and ultrastructural immunocytochemistry) allowed investigation of the effects of O 3 exposure on gene expression and the organization of nuclear domains.
Materials and Methods

Cell culture and ozone treatment
SH-SY5Y cells (a human neuroblastoma cell line) ( 5x10 5 ) were seeded on 75 cm 2 plastic flasks (Corning Inc., Corning, NY, USA) in a 1:1 mixture of EMEM (Eagle's Minimum
Essential Medium) and F12 medium supplemented with 10% (v/v) fetal bovine serum, 1%
(w/v) NEAA (Non-Essential Amino Acids Solution), 0.5% (w/v) glutamine, 100 U of penicillin and 100 μg/mL streptomycin (Gibco by Life Technologies), at 37°C in a 5% CO 2 humidified atmosphere. When subconfluent, the cells were mildly trypsinized (0.25% trypsin containing 0.05% ethylene diamino tetraacetic acid (EDTA) in phosphate-buffered saline, PBS) and exposed in suspension to O 2 -O 3 gas mixtures with two O 3 concentrations successfully used for therapeutic purposes (10 and 16 µg O 3 /ml O 2 ). A high concentration (100 µg O 3 /ml O 2 ) was also used as a control for a strong oxidative stress. The gas was produced by an OZO2 FUTURA apparatus (Alnitec s.r.l., Cremosano, CR, Italy), which generates O 3 from medical-grade O 2 , and allows photometric real-time control of gas flow rate and O 3 concentration. The reliability of the experimental procedure was guaranteed by choosing a well-established technique for cell ozonisation (Larini et al., 2003) , which ensures that a defined number of cells are exposed to an exact gas volume at a pressure corresponding to the atmospheric one, and that the cell sample reacts totally with the O 3
dose for a precise treatment time. Briefly, for each sample, 4x10 5 cells were suspended in A C C E P T E D M A N U S C R I P T 6 1 ml medium into a 10 ml syringe (Terumo Medical Corporation, Somerset, NJ, USA), an equal volume of gas was then collected in the syringe, and the sample was gently mixed with the gas for 10 min to allow cells to react with the O 3 .
Cells exposed to pure O 2 under the same experimental conditions were used to discriminate the effect of O 3 , while cells exposed to air served as control (CTR).
Three hours after the exposure to the different gases or air, the cells were processed for genomic or microscopy analyses, while other samples were allowed to grow for 24 hr and 48 hr, to estimate the effect of O 3 on cell viability and proliferation (see below). For
Western blot analysis, the cells were processed 10 min after treatment.
Cell viability and proliferation
To determine the effect of gas exposure on cell survival and growth, 5x10 4 cells/well were seeded on 6 multiwell plastic microplates (Corning), and the fraction of dead cells was estimated 3 h after treatment, whereas the total cell number was assessed after 24 h and 48 h. The cells were detached by mild trypsinization as above, stained for 2 min with 0.1% trypan blue in the culture medium, and scored in a Burker hemocytometer using a Leica DM IL inverted microscope equipped with 10x objective lens. Data were expressed as the mean of three independent experiments ± standard error of the mean (SE).
Results for each measured variable were pooled according to the experimental group and the mean  SE value calculated. Statistical comparisons were performed by the one wayAnova test and post-hoc pairwise comparisons.
RNA isolation and microarray gene expression analyses
Three hours after gas exposure, RNA samples were extracted and purified from the cells by using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols. The concentration of total RNA was quantified using the Nanodrop 2000
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Additionally, the OD260/230 and OD260/280 ratios were determined to assess RNA purity.
RNA integrity was assessed with the 2100 Bioanalyzer (Agilent Technology, Santa Clara, CA, USA) using an RNA 6000 NanoChip and expressed as RNA Integrity Number (RIN), which was considered acceptable within the range of 7-10.
RNA 
Microarray Data analysis and pathway analysis
Affymetrix CEL files were imported into Partek Genomics Suite version 6.6 for data visualization and statistical testing. Quality control assessment was performed using Partek Genomic Suite 6.6. All the samples passed the quality criteria for hybridization controls, labelling controls and 3'/5' Metrics. Background correction was conducted using Robust Multi-strip Average (RMA) (Irizarry et al., 2003) to remove noise from autofluorescence. After background correction, normalization was made using Quantiles
Normalization (Bolstad et al., 2003) to normalize the distribution of probe intensities among
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Reverse transcription, RT-qPCR confirmation and statistical analysis
One microgram of total RNA was used for cDNA synthesis with random hexamer primers (Invitrogen-Life Technologies) and Superscript II Reverse Transcriptase (Invitrogen-Life Technologies). The expression levels of specific transcripts in SH-SY5Y were determined by RT-qPCR using the StepOnePlus instrument (Applied Biosystems, Foster City, CA, USA) with the TaqMan assay (Applied Biosystems). The genes were analyzed and normalized to the levels of the three housekeeping (HK) genes: GAPDH (glyceraldehyde-3-phosphate dehydrogenase, Hs04420697_g1), HPRT1 (hypoxanthine phosphoribosyltransferase 1, Hs99999909_m1) and UBC (ubiquitin C, Hs00824723_m1). These three HK genes have been chosen according to the evidence supporting that these are the best HK genes for neuroblastoma cell lines (Vandesompele et al., 2002) . Each sample was
assayed in duplicate. Data analyses were performed using the comparative Ct method (also known as the 2−ΔΔCt method) (Schmittgen and Livak, 2008 (Abcam #76026); β−Actin (Sigma).
Transmission electron microscopy
Morphological, morphometric and cytochemical analyses were carried out at transmission electron microscopy, in order to analyse the effects of exposure to low O 3 concentrations on the fine nuclear features. The intranuclear distribution of the nuclear structural constituents involved in RNA transcription and maturation is, in fact, spatially ordered and, whenever RNA processing is altered, their organization, molecular composition, and
intranuclear location are also affected (e.g., Lafarga et al., 1993; Puvion and PuvionDutilleul, 1996; Biggiogera et al., 2008; Malatesta et al., 2010) .
SH-SY5Y cells from three independent experiments were seeded on glass coverslips placed in 6 multiwell plastic microplates (Corning) and then processed for transmission electron microscopy 3 h after gas exposure: they were fixed with 4% paraformaldehyde in 0.1 M Sörensen phosphate buffer at 4°C for 1 h, washed, treated with 0.5 M NH 4 Cl in PBS, dehydrated with ethanol and embedded in LRWhite resin. To evaluate RNA transcription rate, before fixation the cells were pulse-labelled with 10 mM 5-bromouridine (BrU, Sigma-Aldrich) for 10 min at 37°C.
To investigate the ultrastructural morphology, some ultrathin sections were conventionally stained with lead citrate. A morphometric analysis was also carried out in 20 nucleoli (x18,000) per sample by evaluating the total area and the percentage of area occupied by the nucleolar components: fibrillar centers (where rDNA is located (Biggiogera et al., 2001;  Cisterna and Biggiogera, 2010)), dense fibrillar component (where transcription and early splicing of pre-rRNA occur (Biggiogera et al., 2001; Cmarko et al., 2000) ), and granular component (where pre-ribosomes are stored (Cisterna and Biggiogera, 2010)). The ultrastructural morphometric evaluation of the relative amounts of nucleolar components is, in fact, a well-established method to get information on nucleolar activity (Schwarzacher and Wachtler, 1993) .
Other ultrathin sections were processed for immunocytochemistry as described in Costanzo et al. (2015) . The anti-BrdU mouse monoclonal antibody (BD Biosciences, Franklin Lakes, NJ, USA), which cross-reacts with BrU (Jensen et al., 1993) , was used to identify the BrU molecules incorporated into the newly transcribed RNAs; the immunopositivity was revealed with a specific secondary 12 nm gold-conjugated antibody (Jackson Immuno Research Laboratories, West Grove, PA, USA). The samples were stained according to the EDTA technique that enhances the contrast of ribonucleoprotein-
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11 containing nuclear components, involved in RNA transcription and splicing (Bernhard, 1969) : namely, the fine fibrillar structures (named perichromatin fibrils) and the roundish structures (named perichromatin granules), which both occur at the edge of heterochromatin clumps, and the small clustered granules (named interchromatin granules), occurring in the interchromatin space.
Quantitative assessment of the immunolabelling for BrU was carried out by estimating the gold particle density (number of gold particle/μm 
Results
Cell viability and proliferation
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The trypan blue exclusion test demonstrated that the percentage of dead cells was similar in cells exposed to air, O 2 , 10 µg O 3 /ml and 16 µg O 3 /ml, remaining below 4% (Fig. 1a) . In O 3 100 µg/ml-treated samples the percentage of dead cells was significantly raised compared to all groups.
The number of cells was similar in control and low O 3 concentration-treated samples, after both 24 h and 48 h (Fig. 1b) , which indicates that no effect on cell proliferation was induced by mild ozonisation. In order to identify common or specific genes modulated by these treatment conditions, the equivalent gene lists were compared by using an interactive tool Venny (Fig. 2) 
Microarray gene expression analyses
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In addition, we performed pathway analyses on all genes modulated by O 3 both at 10 or 16 g O 3 /ml O 2 vs CTR or O 2 . The results showed that the only pathway in common among the four comparisons performed was the signalling associated to HMOX-1.
RT-qPCR validation
Among the genes found as significantly modulated from the microarrays data, we selected for validation in Real Time PCR (RT-qPCR) those that were modulated by O 3 -O 2 treatment and involved in stress response and transcription machinery:
(Hs01105503_m1), TCEAL3 (Hs03056487_g1). The data obtained from these genes were compared with CTR, O 2 , 10 g O 3 /ml O 2 , 16 g O 3 /ml O 2 and 100 g O 3 /ml O 2 . We considered significant after Sidak correction the data resulting from all three HK genes.
The findings, shown in 
Western blot analysis
Multiple lines of evidence have contributed to establish the notion that mild ozonisation might induce the transcription of anti-oxidant genes, such as HMOX1, via the activation of Nuclear factor (erythroid-derived 2)-like 2 (NRF2). In line with this notion, we found in O 3 -treated cells a slight but dose-dependent increase of Phospo-NRF2 (S40) fraction over total NRF2 (Fig 3) .
Transmission electron microscopy
Ultrastructural observations revealed similar morphological features of the cell nuclei in CTR, O 2 -treated, 10 µg O 3 /ml-treated and 16 µg O 3 /ml-treated cells, at 3 h post-treatment (Fig. 4) . The cell nuclei showed roundish shape with finely irregular borders and a few small heterochromatin clumps associated to the nuclear periphery and the nucleoli; each nucleus usually contained one or two nucleoli characterized by a few fibrillar centres, and abundant dense fibrillar component and granular component.
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In the nucleoplasm, EDTA staining allowed the visualization of the structural constituents involved in pre-mRNA transcription and processing leading to the mature mRNAs suitable for export to the cytoplasm. Numerous perichromatin fibrils (the in situ form of transcription (Fakan, 2004) , splicing (Cmarko et al., 1999 ) and 3' end processing (Schul et al., 1996) of pre-mRNAs) and perichromatin granules (vectors and storage sites for already spliced pre-mRNAs (Fakan, 2004) ) were distributed at the edge of heterochromatin, while clusters of interchromatin granules (where storage, assembly and phosphorylation of transcription and splicing factors take place (Bogolyubov et al., 2009)) occurred in the interchromatin space (Fig. 5) . No change was found in the area of interchromatin granules clusters and the density of perichromatin granules ( Fig. 5 and Table 3 ).
The only evident morphological differences concerned the nucleoli, which showed a rather compact arrangement in CTR and O 2 -treated cells (Fig. 3a, b) , whereas being more reticulated, with prominent dense fibrillar component and more numerous fibrillar centres in both samples treated with low O 3 concentrations (Fig. 4c, d ). Increased percentages of the dense fibrillar component and fibrillar centres in the nucleoli of O 3 -treated cells were confirmed by morphometric evaluations (Table 3) .
Ultrastructural immunocytochemical analyses demonstrated that in all the cell samples (Fig. 5a, b ) BrU incorporation occurred in perichromatin fibrils and the nucleolar dense fibrillar component, consistently with their role in transcription and early splicing of premRNA and pre-rRNA, respectively (Fakan, 2004; Biggiogera et al., 2001; Cmarko et al., 2000) . Quantitative evaluation revealed a significantly higher labelling density in both the nucleoplasm and the nucleolus of O 3 -treated cells. Control samples processed in the absence of primary antibodies revealed a negligible signal (not shown).
Discussion
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As far as we know, the present investigation is the first attempt to perform a comprehensive study on the effect of mild ozonisation on cell nuclear function, combining molecular and ultrastructural approaches. Novel information has been obtained on the multiple effects on some nuclear pathways of SH-SY5Y cells in response to the exposure to low O 3 concentrations.
Our results demonstrate that exposure of SH-SY5Y cells to 10 or 16 µg O 3 /ml O 2 did not induce significant alteration of their proliferation or death rate in comparison to the CTR (air-exposed) or O 2 -treated cells. Consistently, O 3 concentrations ranging from 1 to 20 µg/ml were found not to affect viability or proliferation of human epithelial cells in vitro (Costanzo et al., 2015) . Indeed, the low O 3 concentrations used proved to affect the expression of some genes coding for proteins involved in the cytoprotective pathways (such as the regulation of DNA replication, cell cycle progression and cell death; prevention of oxidative stress damage; detoxification). Interestingly, HMOX1, which is upregulated in all the O 3 -treated samples, codes for a protein known to protect the cell from various insults (Sun et al., 2002) , while inhibiting apoptosis (Brouard et al., 2000) and promoting angiogenesis (Grochot-Przeczek et al., 2013) . HMOX1 protein is also involved in modulating the activation of NRF2 (Biswas et al., 2014) , which controls the expression of genes responsible for the antioxidant response (Brigelius-Flohe and Flohe, 2011).
Accordingly, activation of NRF2 has been reported in peripheral blood mononuclear cells of patients submitted to ozone therapy (Re et al., 2014) , as well as in our cell samples exposed to O 3 . In particular, it has previously been reported that HMOX-1 up-regulation may be induced by the protein kinase C (PKC)-mediated activation of NRF2 in SH-SY5Y cells (Zhang et al., 2009; Quesada et al., 2011) . NRF2 is amongst the major drivers of the antioxidant stress response and its activation is thought to underlie the beneficial effects of therapeutic ozonisation (Bocci and Valacchi, 2015) . PKC-mediated activation of NRF2 in response to oxidative stress relies on the rapid and transitory phosphorylation of NRF2 on
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17 the serine 40 (P-NRF2 (S40)) (Huang et al., 2000) . Accordingly, we found a rapid posttreatment increase of P-NRF2 (S40) fraction over the total Nrf2 protein (in accordance with the report by Khalil et al., 2015 for ovarian cancer cells).
These findings are consistent with a primary role of HMOX1 in the cellular response following O 3 exposure. The involvement of ERCC4 and CDKN1A genes (which are both up-regulated) confirms the effect of O 3 on the activation of cytoprotective pathways: in fact, ERCC4 (belonging to the DNA nucleotide excision repair) and CDKN1A (playing a key role in the cellular response to stress) are both activated following DNA damage. However, the expression trend of these genes seems to be independent from the O 3 concentration: it is likely that, although an oxidative stress induces up-regulation of some key genes involved in protective pathways, the immediate cellular defence mostly relies on translational/posttranslational mechanisms (such as Nrf2 phosphorylation).
Our findings support the hypothesis that a mild oxidative stress would be responsible for the activation of cytoprotective response without cell damage and, finally, for the therapeutic potential of low O 3 concentrations (Sagai and Bocci, 2011) . Accordingly, there is increasing evidence that oxidative stress may not only induce deleterious damage playing a causative role in various pathogenic processes (distress), but may also act as a beneficial messenger stimulating the cell defence capacity (eustress) (recent reviews in Niki, 2016; Sies, 2017).
The O 3 -induced modulation of nuclear activity takes place without any concomitant cell damage. In particular, no modification has been observed in the organization and intranuclear location of ribonucleoprotein-containing nuclear structures, demonstrating that the chronologically-and spatially-ordered RNA processing (Biggiogera et al., 2008; Malatesta et al., 2010) was not affected. In addition, our microscopy and molecular data clearly demonstrate an increased nuclear activity in O 3 -treated SH-SY5Y cells. The changes in nucleolar architecture observed in O 3 -treated cells are, in fact, a cytological
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18 index of nuclear activation. The nucleolus is a very dynamic structure that can rapidly adapt its activity, and consequently its structural organization, to the cell metabolic state:
the enlargement of the dense fibrillar component (which is the site of rRNA synthesis and maturation) and the increase in number and size of fibrillar centres (containing rDNA) are accepted signs of increased nucleolar activity (Schwarzacher and Wachtler, 1993; Cisterna and Biggiogera, 2010) . The enhanced transcriptional rate demonstrated by BrU incorporation in O 3 -treated cells at both the nucleoplasmic (pre-mRNA) and nucleolar (rRNA) level represent a further evidence of metabolic activation.
Conclusions
Taken together, our findings demonstrate that, in our experimental model, exposure to low O 3 concentrations stimulates cell protective pathways and nuclear transcription without altering cell proliferation and survival. More generally, our data provide structural and molecular evidence for the nuclear response activated by a mild toxic stimulus: this probably gives rise to a cascade of molecular events through multiple cellular pathways that could account for the positive effects observed in ozone-treated patients. It is worth stressing that, in our experimental system, we used the same conditions used for the administration to patients, i.e. O 3 was administered as O 3 -O 2 mixture, which makes the observed effects reliably comparable to those occurring in cells in vivo.
The results of the present study may contribute to fill the current lack of evidence on the cellular mechanisms of O 3 action, thus providing a robust scientific background for its clinical application. In addition, the histochemical and molecular tests we used may also be suitable for defining protocols to test in vitro the biological effects of O 3 exposure.
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